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SUBSONIC AND TRANSONIC DYNAMIC-STABILITY CHARACTERISTICS
OF THE SPACE SHUTTLE LAUNCH VEHICLE
Delma C. Freeman, Jr., Richmond P. Boyden,

and Edwin E. Davenport
Langley Research Center

SUMMARY

An investigation has been conducted to determine the subsonic and transonic dynamic-
stability chatacteristics of » 0.015-scale model of the space shuttle launch vehicle. These tests
were conducted in the Langley 8-foot transonic pressure tunnel over a Mach number range
from 0.3 to 1.2. Fofced-oscillation equipment was used to determine ‘the damping character-
istics of several configurations about all three axes.

- The test results show that the model exhibited positive damping in pitch except at the
highest Mach number (1.2) where there was a region of negative damping at 29 angle of
attack. The yawing-oscillation tests show that the model exhibited nonlinearities and negative
da:nping at Mach numbers of 0.3 and 0.6. The model exhibited positive roll damping through-
out the test angle-of-attack and Mach range.

- INTRODUCTION

. As part of the space shuttle development effort, the Langley Research-Center has spon-

sored a program to determine experimentally the dynamic-stability characteristics of the space

shuttle vehicle. Aerodynamic damping derivatives have been determined for the orbiter at sub-

sonic to hypersonic specds (refs. 1 to 3) and for the launch vehicle at supersonic speeds

(ref. 4). 4
As part of this study, subsonic and transonic forced-oscillation tests of-a 0.015-scale

miodel of the space shuttle launch vehicle configuration (orbiter designation 140 A/B) were

conducted in the Langley 8-foot transonic pressure tunnel. These tests were conducted for

several configurations over a Mach number range from 0.3 to 1.2: the tests measured pitch,

roll, and yaw damping, the normal force due to pitch rate, and the cross derivatives:  yawing

moment due to roll rate and rolling moment due to yaw rate, Tests were conducted for the

complete launch vehicle configuration and also for the orbiter external-tank configuration which |

simulated an abort situation. Dynamic derivatives were measured for two center-of-gravity 1

locations representative of the shift encountered over the ascent-flight Mach number range.
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SYMBOLS

he reference length used to nondimensionalize all of the acrodynamic parameters was
the orbiter body length which is 0.4916 m for the 0.01S5-scale model,  The reference arca
used to nondimensionalize the acrodynamic parameters was the orbiter wing area which
is 0.05623 m= for the 0.015-scale model,

Al data presented are referred to the body-axis system.  (See fig. 1.0 The origins of
the axes were located to correspond to the center-of-gravity (c.g.) positions shown in figure 2.

Units of measurement are presented in the International System of Units (S1).  Sce ref-
ercnce § for details on the use of the SI physical constants and conversion factors.

Rolling moment

frer. saefficie
(‘1 rolling-moment coefficient, q_S¢
aC, di
. = —-—~, per radian
(1p ’14 l
v
oC
C . = -——= per radian
» ped
4v2
p + (‘IB sin o damping-in-roll parameter, per radian
aC, .
C = -~--—--, per radian
1r 3 r_Q_
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aC,
C.. = -- -, por radian
1 [ ]
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3
4v-

(‘lr - (‘13 COs o rolling moment due to yaw rate parameter, per radian
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= - per radian
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aC,
Q. = -=—— -, per radian
‘8 5 B
2V
¢, sin « - kz(‘lf’ rolling moment due to roll displacement parameter, per radian
C,, cos « + szl;- offective dihedral parameter, per radian
: s ) Pitching moment
. Cm pitching-moment coefficient, —-———-——%--:-——-‘—-
o QoS¢
" c _ X .
mg =40 per radian —
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Cm: = ----jn—‘;. per radian
q qe
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Cpn. t Cins damping-in-pitch parameter, per radian
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Cma = 3’ per radian
oC
C. = —M per radian
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A"
C‘“oz - sz‘n(.l oscillatory jongitudinal-stability parameter, per radian
s ormal fore
CN normal-force coefficient, Normul force
UGS
9ICN .
CN = - per radian
q 3 q¢
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CN- = oy, pet radian
q qe-
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Cn

"B

CNq + CN& normal force due to pitch rate parameter, per radian
aCN .
CNoz = oy 0 ber radian
c ICN 4
Ny = A &g’ per radian
2V
CNa - kch(.1 normal force due to pitch displacement parameter, per radian

Yawing moment

yawing-monient coefficient,

q,.S¢
aC,
p = -—p—f , pet radian
Y
aC,,
. =. , per radian
Rp N pe2
4v2
Cnp + C, 3 sin. o yawing moment due to roll rate parameter, per radian
aC,
= per radian
ny 5 1L’
2V
a'Cn .
; = PR per radian
=7z
4N
" Cy 5 Ccos o damping-in-yaw parameter, per radian
aC,
= —5—, per radian
op
aCy,
. = -—— per radian
g B’
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(‘nB cos a + k2Cnl.’ oscillatory directional-stability parameter, per radian

C"B sin a - kzcnf, yawing moment due to roll displacement parameter, per radian
f frequency of oscillation, hertz

k reduced frequency parameter wgf/2V in pitch, yaw, and roll, radians

L reference length, orbiter length, meters

M free-stream Mach number

p.4.L. .. _._angular velocity of model about X-, Y-, and Z-axis, respectively, radians/second
do, free-stream. .dynamic pressure, kPa

R. Reynolds nutiber based on orbiter body length, £

S reference area, meters2

\% free-stream velocity, meters/second

X,Y,Z body referernice axe.

o angle of attack, degrees or radians

g angle of sideslip, radians

¢ model roll orieritation angle, degrees

w angular velocity, 2wf, radians/second

A dot over a quantity indicates u lirst derivative with respect to time.
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APPARATUS AND MODEL

The 0.015-scale model used in the investigation consisted of the orbiter (designated
140 A{B), the cexternal propellant tank, and the solid rocket boosters arranged together in the
complete launch configuration shown in figure 2. The model could be tested without the
solid rocket motors us a tank-orbiter combination which simulated an abort situation. The
moment reference center could be varied and data were measured about the two positions
shown in figure 2. [Details of the propellant tank, solid rocket motors, and the front and
rear attachment points are presented in figure 3.

The subsonic and transonic forced-oscillation tests were conducted in the Langley 8-foot
transonic pressure tunnel. The model was mounted with the balance and sting in the external
propellant tank. A photograph of the model mounted in the tunnel for the forced-oscillation

tests is presented in figure 4. A description of the techniques and apparatus for the forced-
oscillation tests is given in reference 2.

TESTS

The forced-oscillation tests were conducted to determine the pitch ((‘m + Cm&)'
yaw (Cnr - Cy 4 cos a). and roll (Clp + ClB sin 01) damping: the changes in normal force
due to pitch rate (C\ + CN& and the cross derivatives: yaw d¢ic to rolling velocity
(Cnp + C, i sin oz) and roll due to yawing velocity (Clr - CIB cos a).

The values of the nominal amplitude of the oscillation and of the range of the reduced
frequency parameter (determined as discussed in ref. 2) during the dynamic-stability tests were:

Oscillation Am‘p’htu(.le of Reduced frequency l
. oscillation, parameter, Kk,
axis ¢
degrees radians
Pitch 1 0.0152 to 0.00655
Yaw 1 ! 0186 to .0608
Roll 2.5 l 0199 to 0947

Dynamic tests were conducted with two center-of-gravity (c.g.) locations:  the aft moment
reference center representing the center-of-gravity position of the complete configuration for the
lift-oft flight conditions and the forward moment reference center representing the c.g. position
of the commlete configuration under conditions of maximum dynamic pressure.  The tests for

—




conducted for the forward jecation only.  Multiple

the orbiter external-tank configuration were
presented to show the repeatability of

data points were taken at cach test condition and are
the data.
The forced-oscillation tests werc conducted over

mately +10,  The test conditions follow:

an angle-of-attack range of approxi-

B N I
number kPa
0.3 5.98 287 x 100
.6 20.01 5.11
9 33.94 6.40
1.2 21.11 340

tested with transition strips fixed by appli-

For the entire Mach number range, the model was
of the external

cation of No. 120 grit located 2.54 centimeters aft on the nose of the orbiter,
tank, and of the solid vocket boosters and 1.27 centimeters streamwise aft of the leading edge

on the wing and vertical tail. Al transition strips werc approximately 0.25 centimeter wide.
RESULTS AND DISCUSSION

Pitching-Oscillation Test Results

The oscillatory stability parameters measured in the pitching-oscillation tests at Mach

numbers of 0.3, 0.6, 0.9, and 1.2 are presented in figures 5 to 8. The pitch-damping charac-
teristics of the complete configuration ((‘mq + Cmo.t ) and the in-phase with displacement

parameters (Cma - k3C m. ) are presented as a function of angle of attack in figure 5 for the
The data indicate that the offect of c.g. locations on the pitch

two moment reference centers.
’ al
- k°Cppy. about equal to that
¢

damping was small and produced an increment in €y
o
Comparisons between the in-phase

d on the basis of the magnitude of the c.g. shift.
determined from static: tests

forced-oscillation tests and the Cn

o
same test conditions are also presented in fig-
agreement between the static and

expecte
parameter measured in the
(unpublished data) of a similar medel for the
ures S(b), S(o). and 5(d).  These compatisons show good
dynamic test results.
shibited positive damping (ncgativc values

In general, the launch vehicle configuration ¢
for Mach numbers of 0.3, 0.6,

of Cp ¥ (‘m.) throughout the test angle-of-attack range
¢

and 09. At a Mach number of 1.2 there is a marked region of negative damping (wositivc
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values of Cmq + C"‘c’x) at angles of attack around 2% The appearance of this region of

negative damping is not surprising for this blunt body in the mixed flow regime at transonic
- . . 0 .

speeds.  The positive angle-of-attack range was limited to 67 at a Mach number of 1.2 because

of reflected shock impingement upon the vertical tail of the model,

The pitch-damping characteristics of the orbiter external-tunk configuration for the for-
ward moment center are presented in figure 6. These results show that for the orbiter
external-tank combination, the model exhibited positive damping throughout the test angle-ol-
attack and Mach range. Note that the negative damping that occurred with the complete
launch configuration at M = 1.2 (fig. 5(d)) did not occur for the orbiter external-tank
configuration.

The normal force due to pitch rate parameter (CNI + CN&) and the normal force due
(

to pitch displacement parameter (CNa - kz(‘N(.l) for the complete vehicle and the orbiter
external-tank configurations are presented in figures 7 and 8. The data of figure 7 show that
for the complete launch configuration, CNq + CN& is generally positive and e¢xhibits a non-

linearity for the condition where pitch damping is negative (fig. 5(d)). Comparisons between
the in-phase CNa - kch(.1 and the CNoz computed fromh the static test measurements are

also presented in figure 7. ‘This comparison shows good agreement between the static and

forced-oscillation test rcsults. For the orbiter external-tank combination the data (fig. 8) show

the normal-force parameter Cy + CN& to be positive and linear throughout the Mach num-
q

ber and angle-of-attack range tested.

Yawing-Oscillation Test Results

The oscillatory stability parametcrs measured in the yawing-oscillation tests are presented

in figures 9 to 11. The in-phase with displacement (Cn 8 cos a + kz(‘.n‘:) and out-of-phase

with displacement (C“r - C, 8 cos oz) parameters are presented in figures 9 and 10. The

damping data of figure 9 measured for the complete launch vehicle show that at Mach num-
bers of 0.3 and 0.6 there are regions of negative damping over a large rortion of the test
angle-of-attack range. However, the model exhibited positive damping at the higher transonic
Mach numbers. A comparison of the in-phase €, 8 cos o + kz("n;. with the C, 8
computed from the static data is also presented in figure 9. This comparison shows that in
general, the values measured in the forced-oscillation tests are higher than those measured in
the static tests but the trends with angle of attack appear to be the same.

COos o

The yaw-damping results for the orbiter externid-tank combination are presented in fig-
ure 10,  These results show trends similar to those obtained for the complete vehicle.  In
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particular, the orbiter external-tank configuration exhibited significant regions of negative damp-
ing in yaw at Mach numbers of 0.3 and 0.6. At the higher Mach numbers, the orbiter
external-tank configuration exhibited positive values of damping in yaw: there was an exception
when o = 1© at M = 0.9. Results obtained for the orbiter external-tank configuration
with the vertical tail removed are also presented in figures 10(1) and 10(b), Analysis of these
data shows that the vertical tail provides a nearly constant increment to the damping in yaw,
except for angles of atfack greater than 6° for M = 0.6.

The rolling moment duc to yuw rate pardmeter ((?lr - ¢ B cos a) is presented in fig-
ures 11 and 12, Data are also presented in figure 11 showing a comparison of the
in-phase C, cos a + kz(‘.lf and the C  cos a computed from the static data. The com-
parison shows excellerit agreement between the static and forced-oscillation results. The forced-
oscillation results show that for both the complete configuration and the orbiter external-tank
combination, the rolling moment due to yawing velocity was positive and the vertical tail added
a nearly constant increment. One nonlinearity occurred at a Mach number of 0.6 for the
orbiter external-tank configuration (fig. 12): this nonlinearity corresponds to that in yaw damp-
ing at M = 0.6—fig. 10(b)).

Rolling-Oscillation Test Results

The oscillatory stability parameters measured in the rolling-oscillation tests arc presented
in figures 13 to 16. The in-phase with displacement (C, sin & - kzcl}.) and out-of-phase

with displacement (GTp + CIB sin a\’ parameters are presented in figures 13 and 14. Compari-
sons of the in-phase C, sin a - szlﬁ with the C sin @ computed from the static data

are presented in figures 13(b), 13(¢), and 13(d). The comparison shows excellent agreement
between the forced-oscillation and static results. The roll-damping parameter Clp + CIB sin oz)

shows that for both the launch vehicle configuration. (fig. 13) and the orbiter external-tank
combination (fig. 14), the model exhibited positive damping throughout the test angle-of-attack

and Mach range.

The yawing moment due to roll rate parameter (Cnp + & ﬁ sin oz) is presented in fig-
ures 15 and 16. The data show that Cnp + C"B sin o is generally positive for both the
mated vehicle and the orbiter external-tank combination for the angle-of-attack and Mach num-
ber range tested. A comparison of the in-phase  Cy, 8 sin a — kz(fn.’ with the C, 8 sin o

computed from the static tests is also presented in figures 15(b), 15(c), and 15(d). This
comparison shows excellent agreement between the static and forced-oscillation test results.

9
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SUMMARY OF RI:SULTS —_

An investigation has been condueted to determine the subsonic and transonic dynamic-
stability churacteristics of @ 0.018xcule model of the shuttle funch vehicle,  The results of
this investigation may be summarized as follows;

1. The moded exhibited positive damping in pitch throughout the test angle-of-attack
range for Mach numhers of 0.3, 0.6, and 0.9, At a Mach number of 1.2, there was o
region of negative damping for the complete Lunch vehicle configuration at angles of attack
around 2°,

2. The model exhibited nonlincarities and negative yaw damping over a large portion of
the angle-of-attack range at Mach numbers of 0.3 and 0.6 for both the launch vehicle and the
orbiter esternal-tank configuration. At the higher Mach numbers, the model exhibited positive
yaw damping throughout the test angle-of-attuck range.

3. Both the iaunch vehicle and orbiter external-tank configuration were positively damped
in roll for the test Mach sumber—und angle-of-attuck ranges.

Langley Rescarch Center

National Acronautics and Space Administration
Hampton, Va. 23665

January 16, 1976
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